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Abstract
It is shown that future solar neutrino experiments (SNO, Super-Kamiokande
and others), in which high energy neutrinos will be detected (mostly from
8
B
decay), may allow to answer in a model independent way the question whether
there are transitions of solar 
e
's into sterile states. No assumptions about the
initial ux of
8
B neutrinos are done. Lower bounds for the probability of
transition of solar 
e
's into all possible sterile states are derived and expressed
through measurable quantities.

BILENKY@TO.INFN.IT
?
GIUNTI@TO.INFN.IT
Solar neutrino experiments are very important sources of informations about neutrino
properties (masses, mixing, magnetic moment, etc.) and about the central invisible part of
the sun, where energy is produced. As is well known [1{4], the existing solar neutrino data
can be described by the resonant MSW enhancement in matter of the mixing between
two neutrino avours
1
. For the parameters m
2
= m
2
2
  m
2
1
and sin
2
2# (m
1
, m
2
are
neutrino masses, and # is the vacuum mixing angle) a small mixing angle solution (m
2
'
5  10
 6
eV
2
and sin
2
2# ' 8  10
 3
) and a large mixing angle solution (m
2
' 10
 5
eV
2
and sin
2
2# ' 0:8) were found. Let us stress, however, that these solutions were obtained
under the assumption that the Standard Solar Model (SSM) [7, 8] correctly predicts the
neutrino uxes from dierent reactions of the pp and CNO thermonuclear cycles.
A new generation of real-time high-statistics solar neutrino experiments (SNO [9] and
Super-Kamiokande [10]) is currently in preparation. The feasibility of other proposed ex-
periments (BOREXINO [11], ICARUS [12], HELLAZ [13] and others) is under investiga-
tion. In these experiments solar neutrinos will be detected by the observation of charged-
current processes (CC), as well as neutral current processes (NC) and elastic neutrino-
electron scattering (ES). The possibility of a model independent treatment of future solar
neutrino data were discussed in ref.[14, 15]. In ref.[15] we have shown that the data that will
be obtained by the SNO and Super-Kamiokande experiments (scheduled to start in 1995-
96), in which mostly high energy
8
B neutrinos will be detected, will allow to determine the
survival probability P

e
!
e
(E) as a function of neutrino energy E independently from the
total initial neutrino ux and the total initial neutrino ux 
8
B

e
independently from what
is going on with neutrinos on their way from the sun to the detector. This result was based
on the assumption that solar 
e
's can transform only into other active neutrinos, i.e. 

's
and/or 

's. However, in the general case of neutrino mixing active neutrinos can trans-
form not only into other active neutrinos but also into sterile left-handed (anti)neutrinos
that do not interact with matter via standard weak interactions (see ref.[16]). The prob-
lem of the existence of sterile neutrinos is of fundamental importance for the theory of
neutrino mixing (the notion of sterile neutrinos was introduced by Pontecorvo [17]). The
proof that there are transitions of active neutrinos into sterile states would suggest that
1) the neutrino mass term is of Dirac-Majorana type, 2) neutrinos with denite mass are
Majorana particles and 3) the number of massive neutrinos is larger than the number of
lepton avours. Let us notice that a Dirac-Majorana mass term naturally appears in GUT
models (see, for example, ref.[18]).
In the present paper we will show that future solar neutrino experiments may allow
to answer in a model independent way the question whether there are transitions of solar

e
's into sterile states. We will also obtain some model independent lower bounds for the
transition probability of 
e
's into sterile states.
In the SNO experiment solar neutrinos will be detected through observation of the
1
The existing solar neutrino data can also be described with other mechanisms: vacuum oscillations
[4], neutrino decay [5], resonant spin-avour precession [6] and others.
1
following three reactions:

e
+ d! e
 
+ p+ p (CC) (1)
 + d!  + p + n (NC) (2)
 + e
 
!  + e
 
(ES) (3)
Since the energy threshold in the SNO experiment will be rather high (& 5MeV for CC
and ES and 2.2 MeV for NC), mostly
8
B neutrinos will contribute to the event rates.
Reaction (3) will be investigated in detail also by the Super-Kamiokande experiment with
a threshold & 5MeV. The energy spectrum of
8
B neutrinos is given by

8
B

e
(E) = 
8
B

e
X(E) (4)
Here the function X(E) is the normalized neutrino spectrum from the decay
8
B!
8
Be +
e
+
+ 
e
, which is determined by the phase space factor (corrections due to forbidden tran-
sitions where calculated in ref.[19]). The distortions of the neutrino spectra are negligibly
small under solar conditions [20].
Since sterile neutrinos are not detected, information about their existence can be ob-
tained only from the conservation of probability
X
`=e;;
P

e
!
`
(E) + P

e
!
S
(E) = 1 ; (5)
where the two terms in the left hand side are the probability of transition of solar 
e
's into
all possible active states and all possible left-handed sterile states (quanta of right-handed
elds), respectively. At rst sight it could seem that it is not possible to derive relations
which may allow us to reveal the existence of sterile neutrinos without any assumption
about the value of the initial neutrino ux. However, this is possible if solar neutrinos are
detected by the observation of dierent reactions. In ref.[15], using the fact that the
same initial neutrino ux 
8
B

e
can be connected with the NC event rate as well as the ES
and CC event rates, we obtained the following relation:
N
NC
  r
ES
= r
Z
E
th



e
(E)

S
(E) dE  
Z
E
th

NC
d
(E)

S
(E) dE ; (6)
where

ES
 N
ES
 
Z
E
th



e
e
(E)  


e
(E)



e
(E) dE ; (7)
N
NC
and N
ES
are the total NC and ES event rates,


e
(E) =
n
CC
(E)

CC

e
d
(E)
; (8)
2
is the 
e
ux on the earth which will be measured by detecting the CC process (1) (n
CC
(E)
is the dierential CC event rate) and 

S
(E) is the ux of sterile neutrinos on the earth.
The quantity r in Eq.(6) is dened as
r 
X
NC
d
X
ES


e
(9)
where
X
NC
d

Z
E
th

NC
d
(E)X(E) dE (10)
X
ES


e

Z
E
th



e
(E)X(E) dE (11)
are known quantities: X
NC
d
= 4:1  10
 43
cm
2
[21] and X
ES


e
= 2:7 10
 45
cm
2
[22], which
gives r = 1:5  10
2
; 
CC

e
d
(E), 
NC
d
(E) and 


e
(E) are the cross sections for the CC, NC
and 

e
 
! 

e
 
reactions, respectively.
Eq.(6) could allow to check in a model independent way whether there are transitions
of solar 
e
into sterile neutrinos. In fact, if the left hand part of Eq.(6), in which only
measurable quantities enter, is not equal to zero, it would mean that there are sterile
neutrinos in the solar neutrino ux on the earth. Two comments are in order: 1) According
to our model calculation the two terms in the right-hand side of Eq.(6) could cancel each
other. 2) Eq.(6) cannot give any information about the value of the transition probability
of 
e
's into sterile neutrinos, even if the presence of sterile neutrinos will be revealed.
In the present paper we will derive dierent relations which will allow to check in a
model independent way whether there are transitions of solar 
e
's into sterile states. For
the probability P

e
!
S
we will derive lower bounds and express them through measurable
quantities.
Let us consider the NC process (2). Using 
e
-

-

universality of neutral current, for
the average value of the transition probability of 
e
's into all types of active neutrinos we
have
*
X
`=e;;
P

e
!
`
+
NC
=
N
NC
X
NC
d

8
B

e
(12)
where
*
X
`=e;;
P

e
!
`
+
NC

Z
E
th

NC
d
(E)X(E)
X
`=e;;
P

e
!
`
(E) dE
X
NC
d
(13)
If it occurs that
*
X
`=e;;
P

e
!
`
+
NC
is less than one, it would mean that sterile neutrinos
exist. However, as it is clear from Eq.(12), without the knowledge of the total neutrino ux
3
it is impossible to reach any conclusion about the average probability
*
X
`=e;;
P

e
!
`
+
NC
.
Let us turn to the measurement of the CC event rate. From this measurement it is possible
to obtain a model independent lower bound for the total neutrino ux. In fact we have
P

e
!
e
(E) =


e
(E)

8
B

e
X(E)
(14)
where the ux 

e
(E) is given by Eq.(8). Since P

e
!
e
(E)  1, from Eq.(14) we obtain

8
B

e
 (

e
=X)
max
(15)
where the subscript max indicates the maximum value of 

e
(E)=X(E) in the explored
energy range. From Eq.(12) and Eq.(15) we have
*
X
`=e;;
P

e
!
`
+
NC
 R
NC
(16)
where
R
NC

N
NC
X
NC
d
(

e
=X)
max
(17)
is a measurable quantity (through the observation of NC and CC event rates). If it occurs
that R
NC
< 1 it would mean that sterile neutrinos exist
2
. In this case, for the average
transition probability of solar 
e
's into all possible sterile states we have
hP

e
!
S
i
NC
 1 R
NC
(18)
Let us discuss now the possibility to reveal the presence of sterile neutrinos in the solar
neutrino ux on the earth from the measurement of the total ES event rate and the CC
event rate. In this case we have
*
X
`=e;;
P

e
!
`
+
ES
=

ES
X
ES


d

8
B

e
(19)
where
*
X
`=e;;
P

e
!
`
+
ES

Z
E
th



e
(E)X(E)
X
`=e;;
P

e
!
`
(E) dE
X
ES


e
(20)
2
It is clear that in the case R
NC
 1 no conclusion on the existence of sterile neutrinos can be reached.
4
and 
ES
is given by Eq.(7). Using Eq.(15) and Eq.(19) we obtain
*
X
`=e;;
P

e
!
`
+
ES
 R
ES
(21)
where
R
ES


ES
X
ES


e
(

e
=X)
max
(22)
is a measurable quantity (through the observation of ES and CC event rates). If it occurs
that R
ES
< 1 it would mean that solar 
e
's transform into sterile states and the average
transition probability of solar 
e
's into all possible sterile states have the following lower
bound:
hP

e
!
S
i
ES
 1 R
ES
(23)
Let us return now to Eq.(17) and Eq.(22). It is easy to show that
R
NC;ES
=
*
X
`=e;;
P

e
!
`
+
NC;ES
P
max

e
!
e
(24)
where P
max

e
!
e
=
1

8
B

e
(

e
=X)
max
. Three comments are in order: 1) The closer P
max

e
!
e
is to
one, the closer
*
X
`=e;;
P

e
!
`
+
NC;ES
is to R
NC;ES
. 2) Each probability in the right hand side
of Eq.(24) depends on 
8
B

e
. However, the ratios R
NC
and R
ES
do not depend on 
8
B

e
. This
is the basis of the model independent tests discussed here. 3) From Eq.(24) it is obvious
that if the sum
X
`=e;;
P

e
!
`
does not depend on energy then R
NC;ES
 1. No conclusion
about the existence of sterile neutrinos can be reached in this case. Thus, if it occurs that
R
NC
< 1 or R
ES
< 1 it would mean not only that sterile neutrinos exist but also that
P

e
!
S
depends on neutrino energy E.
In Table 1 the result of calculations of P
max

e
!
e
and lower bounds for hP

e
!
S
i
NC;ES
in
the simplest model with transitions of solar 
e
's into a sterile state 
S
are presented. In
the calculation we used values of the parameters m
2
and sin
2
2# that where found in
ref.[2, 4] from the t of the existing data under the assumption that the initial neutrino
ux is given by the SSM
3
. From Table 1 it can be seen that the values of the ratios R
NC;ES
that characterize the presence of sterile neutrinos are less than one for all the values of
m
2
and sin
2
2# considered. This means that the tests of sterility discussed here may yield
signicant results if sterile neutrinos exist.
3
Let us remark that in this model there is no large mixing angle solution.
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In Super-Kamiokande and other future solar neutrino experiments (ICARUS, etc.) a
large number of solar neutrino induced ES events will be observed. From these data the
dierential ES event rate n
ES
(E) will be determined and new possibilities for testing the
existence of sterile neutrinos will emerge. In fact, a measurement of n
ES
(E) and n
CC
(E)
will allow to determine the dierential ux of all types of active neutrinos on the earth:
X
`=e;;


`
(E) =
n
ES
(E)



e
(E)
+
 
1  


e
e
(E)



e
(E)
!
n
CC
(E)

CC

e
d
(E)
: (25)
From Eq.(5) we obtain
1
X(E)
X
`=e;;


`
(E) = 
8
B

e
[1  P

e
!
S
(E)] : (26)
If it will occur that the left-hand side of this equation, which contains only measurable
quantities, depends on energy, then it would mean that there are sterile neutrinos in the
ux of solar neutrinos on the earth. Furthermore, in the case under consideration we can
obtain an upper bound for the transition probability of solar 
e
's into all types of active
neutrinos as a function of energy:
X
`=e;;
P

e
!
`
(E)  r
ES
(E) (27)
where
r
ES
(E) 
X
`=e;;


`
(E)
X(E)
0
@
X
`=e;;


`
=X
1
A
max
(28)
From Eq.(27), we obtain the following lower bound for the transition probability of solar

e
's into sterile states as a function of energy
4
:
P

e
!
S
(E)  1   r
ES
(E) (29)
In Figure 1 the survival probability P

e
!
e
(E) and the lower bound for the transition
probability P

e
!
S
(E) in the simplest model with 
e
! 
S
transitions are depicted. The
used values of the parameters m
2
and sin
2
2# are given in Table 1. It can be seen from
Figure 1 that the lower bounds for P

e
!
S
(E) have a strong energy dependence in the
model considered. Dierent values of the parameters m
2
and sin
2
2# give completely
dierent behaviours of the lower bound.
In conclusion let us make the following remarks:
4
If
X
`=e;;


`
(E)=X(E) is energy independent, then r
ES
(E) = 1 and no conclusion on the existence of
sterile neutrinos can be reached.
6
1) The inequality (15) could allow us to test the SSM in a model independent way. In
fact, if it occurs that 
8
B

e
(SSM) < (

e
=X)
max
, it would mean that the solar neutrino ux
predicted by the SSM is lower than the real ux
5
.
2) If the transition probability of solar 
e
's into sterile states is energy independent, no
model independent information on sterile neutrinos can be obtained, as can be seen from
Eq.(26).
3) We assumed here that there are no active antineutrinos in the solar neutrino ux on the
earth (due to possible neutrino magnetic moment eects, neutrino decay, etc.). This case
will be discussed elsewhere.
We would like to express our gratitude to J. Bernabeu, S. Petcov and A. Rossi for useful
discussions.
References
[1] GALLEX Collaboration, Phys. Lett. B 285 (1992) 390.
[2] S.A. Bludman, N. Hata, D.C. Kennedy and P.G. Langacker, Phys. Rev. D 47 (1993)
2220.
[3] L.M. Krauss, E. Gates and M. White, Phys. Lett. B 299 (1993) 94.
[4] P.I. Krastev and S.T. Petcov, Phys. Lett. B 299 (1993) 99.
[5] Z.G. Berezhiani and A. Rossi, Proceedings of the 5
th
International Workshop on Neu-
trino Telescopes, Venezia, March 1993.
[6] E.Kh. Akhmedov, A. Lanza and S.T. Petcov, Phys. Lett. B 303 (1993) 85.
[7] J.N. Bahcall and R. Ulrich, Rev. Mod. Phys. 60 (1988) 297; J.N. Bahcall, Neutrino
Physics and Astrophysics, Cambridge University Press, 1989; J.N. Bahcall and M.H.
Pinsonneault, Rev. Mod. Phys. 64 (1992) 885.
[8] S. Turck-Chieze, S. Cahen, M. Casse and C. Doom, Astrophys. J. 335 (1988) 415; S.
Turck-Chieze and I. Lopes, Astrophys. J. 408 (1993) 347; S. Turck-Chieze et al., Phys.
Rep. 230 (1993) 57.
[9] The Sudbury Neutrino Observatory Collaboration, Phys. Lett. B 194 (1987) 321;
H.H. Chen, Nucl. Instr. Meth. A 264 (1988) 48; G.T. Ewan, Proceedings of the 4
th
International Workshop on Neutrino Telescopes, Venezia, March 1992.
[10] A. Suzuki, Proc. of the Workshop on Elementary Particle Picture of the Universe,
KEK, Japan, 1987; Y. Totsuka, ICRR-report-227-90-20 (1990); C.B. Bratton et al.,
"Proposal to Participate in the Super-Kamiokande Project", Dec. 1992.
5
This possibility seems rather unusual. Notice, however, that it could be realized in the case of a strong
energy dependence of the survival probability.
7
[11] BOREXINO Collaboration, BOREXINO at Gran Sasso: Proposal for a real time
detector for low energy solar neutrinos, August 1991.
[12] ICARUS Collaboration, ICARUS I: An Optimized Real Time Detector of Solar Neu-
trinos, LNF-89/005(R) (1989).
[13] G. Bonvicini et al., Proceedings of the 5
th
International Workshop on Neutrino Tele-
scopes, Venezia, March 1993.
[14] H.H. Chen, Phys. Rev. Lett. 55 (1985) 1534; R.S. Raghavan, S. Pakvasa and B.A.
Brown, Phys. Rev. Lett. 57 (1986) 1801; J.N. Bahcall, M. Baldo-Ceolin, D.B. Cline
and C. Rubbia, Phys. Lett. B 178 (1986) 324; S. Weinberg, Int. J. Mod. Phys. A 2
(1987) 301; C. Rubbia, CERN-PPE/93-08.
[15] S.M. Bilenky and C. Giunti, Phys. Lett. B 311 (1993) 179.
[16] S.M. Bilenky and B. Pontecorvo, Phys. Rep. 41 (1978) 225; S.M. Bilenky and S.T.
Petcov, Rev. Mod. Phys. 59 (1987) 671.
[17] B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53 (1967) 1717 [Sov. Phys. JETP 26 (1968) 984].
[18] P. Langacker, Lectures presented at TASI-90, Boulder, June 1990.
[19] J.N. Bahcall and B.R. Holstein, Phys. Rev. C 33 (1986) 2121.
[20] J.N. Bahcall, Phys. Rev. D 44 (1991) 1644.
[21] J.N. Bahcall, K. Kubodera and S. Nozawa, Phys. Rev. D 38 (1988) 1030.
[22] J.N. Bahcall, Rev. Mod. Phys. 59 (1987) 505.
8
e
! 
S
Lower Bound for
m
2
(eV
2
) sin
2
2# P
max

e
!
e
hP

e
!
S
i
NC
hP

e
!
S
i
ES
VACUUM OSC. (a) 9:2 10
 11
0:85 0.85 0.61 0.70
VACUUM OSC. (b) 6:4 10
 11
0:8 0.59 0.46 0.47
SMALL MIX MSW 4:1 10
 6
9:1  10
 3
0.52 0.34 0.29
Table 1: Maximum values of the survival probability in the energy range that will be
explored by SNO with T
th
e
= 5:0MeV and corresponding values of the lower bounds for
the average probabilities of transition of solar 
e
's into sterile neutrinos hP

e
!
S
i
NC;ES
for
three possible solutions of the solar neutrino problem with transitions of 
e
's into 
S
[2, 4].
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Figure 1A: Survival probability for three possible solutions of the solar neutrino problem
with transitions of solar 
e
's into sterile neutrinos. Figure 1B: Corresponding lower bound
for the transition probability of solar 
e
's into sterile neutrinos. The depicted energy range
will be explored by SNO with T
th
e
= 5:0MeV. The parameters m
2
and sin
2
2# are given
in Table 1.
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